The action of the dimer-specific endonuclease V of bacteriophage T4 was studied on UV-irradiated, covalently-closed circular DNA. Form I ColEl DNA preparations containing average dimer frequencies ranging from 2.5 to 35 pyrimidine dimers per molecule were treated with T4 endonuclease V and analysed by agarose gel electrophoresis. At all dimer frequencies examined, the production of form III DNA was linear with time and the double-strand scissions were made randomly on the ColEL DNA genome. Since the observed fraction of form III DNA increased with increasing dimer frequency but the initial rate of loss of form I decreased with increasing dimer frequency, it was postulated that multiple single-strand scissions could be produced in a subset of the DNA population while some DNA molecules contained no scissions. When DNA containing an average of 25 dimers per circle was incubated with limiting enzyme concentrations, scissions appeared at most if not all dimer sites in some molecules before additional strand scissions were produced in other DNA molecules. The results support a processive model for the interaction of T4 endonuclease V with UV-irradiated DNA.
INTRODUCTION
The endonuclease V purified from Escherichia coli infected with T4 has been shown to specifically incise strands of DNA containing pyrimidine dimers (1) (2) (3) . Although it was previously thought that these incisions resulted from cleavage of a phosphodiester bond on the 5' phosphate side of each dimer (1) recent studies have indicated a more complex, two-step reaction (4) (5) (6) . It appears that the first step in incision is cleavage of the N-glycosylic bond between one of the dimerized pyTimidines and its sugar, and the second step involves the cleavage of the phosphodiester bond between thepyrimidines.
Previously Friedberg and Clayton (7) observed no linear SV40 DNA molecules by electron microscopy after form I SV40 DNA containing less than 2 pyrimidine dimers per molecule was treated with endonuclease V, In addition, Simon et al. (3) found that endonuclease V does not cleave the DNA strand opposite a dimer, thus demonstrating that the enzyme does not directly produce double-strand scissions. Minton and Friedberg (8) reported endonuclease Vmediated double-strand scissions in T4 and T7 DNA irradiated with 20 and 53 J/m respectively and attributed these observations to dimer clustering at high UV doses. However, this conclusion should possibly be reconsidered in light of a significant amount of evidence which argues against clustering of thymlne dlmers in UV-irradiated DNA (9) (10) (11) . We have observed a large proportion of linearized DNA molecules after treatment of superhelical DNA with T4 endonuclease V. Further, we document that these double-strand scissions arise by a processlve enzymatic action of the T4 endonuclease V.
MATERIALS AND METHODS

DNA preparation
ColEl DNA was prepared by a modification of the procedure of Clewell and Helinski (12) . E_. coll AB2487 (F~ X 8 recA13 leu thr thl arg pro his thyA thyR lac ara gal mtl xyl) was originally received from Ray Rodriquez (13) . An overnight culture was grown at 37° in Davis minimal broth (Difco) (10.6 g/1) supplemented with 0.4X glucose, 1 mM each of leuclne, arginine, proline, histlne, 0.05Z casein hydrolysate, 0.5 yg/ml vitamin Bl and 10 ug/ml thymine. It was thymine was added. In late exponential phase (8x10 cells/ml) chloramphenicol was added to 150 ug/ml and incubation was continued for 14 hr. Cells were chilled to 0°C and pelleted at 4,500 rpm in a Sorvall type SS-34 rotor, washed with 5 ml of 10 mM Tris, pH 8.0, 1 mM EDTA, pelleted and resuspended in 2.5 ml of 50 mM Tris, pH 8.0, 25Z sucrose. Suspensions were incubated with lysozyme (2 mg/ml) for 10 min at 0°C, and EDTA was added to 50 mM. After 5 more min at 0°C, an equal volume of 10 mg/ml Brig 58, 4 mg/ml sodium deoxycholate, 50 mM EDTA, 50 mM Tris, pH 8.0, was added. After 20 min at 23°C the lysate was centrifuged at 12,500 rpm in a Sorvall type SS-34 rotor for 1 hr at 20°C. The supernatant, containing the ColEl DNA, was collected and solid CsCl was added (l gm per ml of supernatant), and dissolved. Ethidium bromide was added to 1 mg/ml. After 40 hr centrifugation at 37,000 rpm in an SW50.1 rotor, the lower DNA band was collected and the ethidium bromide removed by extraction with CsCl saturated isopropanol. The DNA was dialyzed twice against 2 liters of 10 mM Tris, 10 mM NaCl, 1 mM EDTA, pH 7.8.
Enzymes
The T4 endonuclease V was purified exactly by the procedure of Seawell et al. (14) . The endonuclease V preparation (2 mg/ml of protein) contained 910 nicking units of activity per ul. One unit is defined as the amount of enzyme that nicks 1 fmole of ColEl DNA irradiated with 20 J/m 2 at 254 ran in 1 min at 37". The restriction enzymes EcoRI and PatI were purchased from New England Biolabs.
UV-irradlation
Purified ColEl DNA (28-230 ug/ml) 1-2 mm deep in depressions of a glass palette was irradiated using an unfiltered 15 watt germicidal lamp. The incident dose rate was measured by an IL 254 Germicidal Photometer (International Light, Newburyport, Mass.). The pyrimidine dimer content in ColEl DNA after irradiation with ten selected UV doses between 0 and'300 J/m^ was determined by thin layer chromatography on silica gels (15) . Each slice was placed in a glass vial and after the addition of 0.1 ml of 1.0 N HC1, the vials were covered with aluminum foil and briefly heated to 100°C.
After cooling, 3 ml of Packard Insta-gel was added to each and the radioactivity determined by liquid scintillation spectrophotometry.
DNA was also analysed by centrlfugation on alkaline sucrose gradients (5-20% w/v sucrose in 0.1 K KaOH) for 5 hr at 45,000 rpm at 20°C in a Beckman SW50.1 rotor. Fractions were collected on strips of Whatman #17 filter paperwhich were washed, dried, cut and assayed for radioactivity (18) . The number average molecular weight (Mn) was calculated from the profiles as described by
Hupp and Howard-Flanders (19), using form III ColEl DNA as the standard. The production of form III molecules by the enzyme preparation was then examined with DNA substrates containing several different pyrimidine dlmer frequencies ( Fig. 2) . As the dimer concentration in the substrate increased, the rate of accumulation and the amount of form III DNA produced increased.
The production of form III DNA was linear with time for each substrate DNA throughout these experiments and the rate of production was directly proportional to the dimer content of the DNA. Thus as the average number of dimers per molecule was increased by a factor of 2, 3, or 5 times, the observed percent form III DNA also increased by that factor, respectively. Although the rate of accumulation of form III DNA increased as a function of the average number of dimers per DNA molecule, the rate at which form I DNA was converted to either forms II or III DNA decreased (Fig. 2) .
The rate of loss of form I DNA and the accumulation of form III DNA were also investigated as a function of DNA concentration using substrate DNA containing an average of 25 dimers per molecule and a constant amount of enzyme (Fig. 3) . The rate of loss of form I DNA was reduced as the DNA concentration was increased from 28 ug/ml to 230 vig/ml. Within the range of the DNA concen- increased. However, this difference was expected because as the ratio of DNA molecules to enzyme molecules increased, more breakage events must have occurred to change the percentages of DNA in forms I, II and III to an equal degree. Thus when the DNA was in excess, the total number of DNA breakage events per unit time was simply dependent upon the number of enzyme molecules.
In order to determine whether these double-strand scissions were produced randomly or at specific locations on the DNA, ColEl DNA (57 pg/ml) containing an average of 25 diners per molecule was incubated with TA endonuclease V for at specific sites, the restriction enzyme digest would be expected to contain DNA fragments of specific lengths corresponding to the distances between these sites and the sites of restriction cleavage. These DNA fragments should then be seen as specific bands after agarose gel electrophoresis. However, if the sites of double-strand cleavage were not at specific locations on the DNA, a smearing of DNA migrating in front of DNA restriction fragments would be expected since some of the fragments would have been reduced in length in random fashion. The latter result was obtained (Fig. 4) . Using these assumptions, for DNA containing an average of 35, 25, and 15 dimers per molecule treated with enzyme for 5 min (Fig. 2) , the percentages of form III DNA calculated from these equations would be 0.6, 0.9, and 1.5 respectively. However, the observed percentages of form III DNA were 7.8, 5.9 and 5.0 (Fig. 2) . Thus, using these assumptions it Is impossible to account for the large accumulation of form III DNA simply by a random accumulation of single-strand breaks. However, it might be explained by production of multiple single-strand scissions within a subset of the DNA molecules while no breaks were produced In other DNA molecules. Although the endonuclease V from T4-lnfected j!. coli had previously been reported to specifically incise strands of DNA on the 5' phosphate sides of the pyrimidine dimers, recent studies have indicated a more complex, two-step reaction (4-6). It appears that the first step involves a 5' N-glycosylic cleavage of the dimerized pyrimidine. In a second step, the phosphodiester bond between the two pyrimidines comprising the dimer is cleaved. The question has not been resolved whether these two activities reside in one protein molecule, or whether the T4 denV gene codes for a protein with only glycosylase activity. The processive model predicts various characteristics of an endonuclease V-treated DNA population. For example, if the glycosylic bond scissions and the single-strand scissions were mediated by separate enzymes and the glycosylase were in vast excess, many more glycosylic breaks should be made compared to direct scissions. Comparison of the percent of form I DNA as determined by agarose gel electrophoresis versus alkaline velocity sedimentation have revealed no significant difference in the relative proportion of molecules containing only alkali labile sites to those containing singlestrand breaks (Figs. 5, 6 ). This would suggest that the two activities are intrinsically coupled or reside in one protein molecule, or that the apurinicapyrimidimic endonuclease is in vast excess. It might be argued that the glycosylase activity is the processive enzyme while a separate apurinic-apyrimidimic enzyme is only apparently processive because the glycosylase-nicked substrate has been produced in a processive manner. If the apurinic-apyrimldimic enzyme were in excess or its activity were closely coupled in one or two proteins, most or all glycoslyic breaks would be converted to single-strand scissions, thus accounting for the production of double-strand scissions by a simple accumulation of multiple single-strand scissions in individual DNA molecules. This we consider the most likely explanation of our observations.
